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Abstract
The implications for Higgs decays of potential new physics beyond the Stan-
dard Model (BSM) are considered in the context of effective field theory,
assuming perturbative decoupling. Using existing data to restrict which
dimension-six operators can arise, it is shown that, given the existing experi-
mental constraints, only a small number of operators can affect the decays of
the Higgs: those that may be potentially-tree-generated (PTG) and modify
the Higgs-fermion couplings, or those that may be loop-generated (LG) that
modify the Higgs couplings to γγ, Zγ and GG. Implications for specific
branching ratios are given in terms of the coefficients of various dimension-
six operators. In such a scenario, the ratios Γ (H → WW ∗) /Γ (H → ZZ∗)
and Γ (H → W`ν) /Γ (H → Z``) equal to their standard model values to an
accuracy of O(1%) or less.
Keywords: Higgs boson couplings, Beyond Standard Model, Effective field
theory
1. Introduction
The observation of a new particle by two detectors [1, 2] at the LHC
has offered a candidate for the long-sought Higgs boson of the Standard
Model (SM). Within errors, the observed properties are consistent with the
Higgs boson of the SM insofar as its production rate and branching ratios
are concerned, coming primarily from data in the WW ∗, ZZ∗, and γγ decay
1Current address.
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modes. There is some supporting evidence from enhancements in TeVatron
data [3], primarily from bb¯ decays. So far, the evidence is consistent with
SM expectations, with the exception of the rate in the γγ-channel, which
apparently exceeds SM estimates in one of the experiments [1].
Naturally, a primary goal of further experiments is to determine whether
the couplings of the Higgs to weak bosons gHWW , gHZZ and the couplings
to fermions agree with the SM expectations. These studies may be informed
by theoretical expectations, and many papers have been written (for recent
summaries see e.g. [4]) about the implications of models that include particles
beyond the SM (BSM). With a mass mH ≈ 125 GeV, the Higgs would appear
to have a small enough self-coupling for perturbation theory to be reliable.
In that case, there are two possibilities for the additional particles in such
models: either (1) they involve new “light” particles of a mass comparable to
or lighter than the Higgs boson, as, for example, in models having two Higgs
doublets, including some supersymmetric models2, in which most or all of
their mass derives from the electroweak scale as do SM particles, or (2) all
new particles are more massive than mH , deriving their mass from some new
underlying scale. An example would be softly-broken supersymmetric models
with super-renormalizable couplings large compared to the weak scale. In the
absence of the observation of a new particle, it can be difficult to decide in
which situation we find ourselves.
The question is, what can be inferred from deviations of experimental
data from SM expectations of the properties of the observed scalar? In the
former case, there tend to be rather large deviations from the SM, arising
from mixing angles between two or more multiplets. Typically, couplings of
a Higgs boson differ already at tree level by factors such as tan β, the ratio of
vacuum expectation values of different doublets. In the latter case, one may
perform a model-independent analysis using a generic effective Lagrangian
approach, taking into account that the first corrections to the SM can be
described in terms of higher-dimensional operators (HDO). A large number
of publications have appeared recently that discuss various aspects of this
approach; it would require a lengthy review to cite all the papers that have
been written on this, and such a list would be out of date by the time of this
publication; for a representative sample see [7].
A related question is, if there are no other particles discovered and no
2Some recent fits of such models to LHC data are [5, 6].
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deviations from the SM observed, what conclusions can be drawn, given the
level of accuracy of the experiments? As much as possible, one would like to
draw model-independent conclusions, although that may be very difficult in
the near term.
Some years ago, the authors [8] and others [9, 10] performed such analyses,
both for weakly-interacting, decoupling scenarios and for strongly interacting
models [11, 12]. In this paper, we shall assume the underlying physics is
decoupling and weakly coupled, at least to a good approximation. What
this means in practice is that the particles that we call “light,” such as
the top quark, predominantly get their masses as a result of spontaneous
breaking of SU(2) ⊗ U(1). We assume that the “heavy” particles get their
masses primarily via some other mechanism, although they may also receive
electroweak contributions. For example, this would be the case if the scale of
supersymmetry-breaking were large compared to the weak scale, giving some
superpartners parametrically large masses.
In phenomenological studies of deviations from the SM, it has been ad-
vocated3 that, to fit experimental events involving the production and decay
of a single Higgs boson, one employ an effective Lagrangian of the form
Leff = H
v
[(
2cWM
2
WW
−
µ W
+
µ + cZM
2
ZZ
2
µ
)
+ ctmttt¯+ cbmbbb¯+ cτmττ τ¯
]
(1)
+
H
3piv
[
cγ
2α
3
F 2µν + cg
αS
4
G2µν
]
. (2)
This effective Lagrangian is presumed to describe interactions in the so-
called unitary-gauge, where the Higgs doublet is of the form φ = ((v +
H)/
√
2)(0, 1)T (and v =
√
2 〈φ〉 ' 246 GeV.) In the SM, the interactions
described in eq. (2) arise at the one-loop level, whereas those in eq. (1) arise
already in tree approximation. To leading order, all the coefficients ck = 1,
which, given present experimental accuracies, is sufficient, although further
radiative corrections can be included if necessary.
Although the decay rates are unambiguous in the Standard Model, unless
we know the form of the BSM Lagrangian, one cannot blithely use eqs. (1)
and (2) as an effective Lagrangian without acknowledging other implications
of such a choice. Because of the equivalence theorem, which we will review in
the next section, the form of an effective Lagrangian involves a certain degree
3See, eg., the reviews in refs. [6, 13].
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of arbitrariness. The particular choice of operators does not affect expecta-
tions for S-matrix elements, but the associated Green’s functions may be very
different. At the very least, these additional assumptions need to be spelled
out in detail. The expressions eqs. (1),(2), although not gauge-invariant, are
intended to be used in unitary gauge. Some decays can be well approximated
by treating all particles on-shell, so that, eg., cb, cτ , cγ may be defined with
all three particles on-mass-shell, other parameters such as cW , cZ , ct repre-
sent coupling constants that, for kinematical reasons, cannot be determined
experimentally. As an example, the H → WW ∗ mode represents H → W`ν`
(where ` = e, µ), which receives a contribution from a virtual W exchange,
but others as well, and these depend on the operator basis being used. Ex-
tracting limits on coefficients such as cW requires a complete calculation that
includes all relevant contributions to insure the results are independent of
the operator basis and fully gauge invariant.
In fact, among other results below, we shall show that modifications to
the SM couplings from new physics cW , cZ are negligible within foreseeable
experimental errors (except for a possible common normalization effect that
does not contribute to the branching ratios), unless there are other light par-
ticles whose masses arise primarily, if not solely, from electroweak symmetry-
breaking. In that case, the form of eq. (1) is unsuitable as a starting point
for fitting or interpreting experimental data. No conclusions can be drawn
from it without making presumptions about other operators and processes
involving the Higgs boson.
2. Some features of effective Lagrangians
By now, the language of effective field theory has become familiar [14, 15,
16, 17], especially to researchers studying physics BSM. We will review it here
only to the extent that we need to establish notation and to summarize some
features of the approach; the details of our general approach are provided in
a companion paper [18].
We imagine a theory where the heavy scale Λ is assumed too large for
the corresponding excitations to be directly produced; their virtual effects,
however, may be observable. Assuming also that the heavy physics decouples
then implies that at scales below Λ the effective action can be expanded in
a power series in Λ (multiplied by logarithmic corrections) where all each
power multiplies a local operator, and those terms that grow with Λ can
be absorbed in a renormalization of the low-energy parameters. After this
4
renormalization the effective action takes the form
Seff =
∫
d4xLeff Leff = L0 +
∑
n≥5
1
Λn
∑
i
f
(n)
i O(n)i , (3)
where we assumed the underlying physics is weakly coupled4. The coeffi-
cients fi encode all the details of the underlying model and can therefore
be used to parameterize all possible types of heavy physics; in general they
can also depend logarithmically on Λ. For the case being considered here,
L0 corresponds to the full SM Lagrangian, in which case there is a single
dimension-five [19] operator that violates lepton number by two units and
generates a neutrino Majorana mass. Aside from this, dimension-six opera-
tors then represent the leading virtual new physics effects resulting from any
weakly-coupled, decoupling heavy particles.
The number of dimension-six operators is large (∼ 100), but not all need
be included in calculations since all low-energy effects can be parametrized
by the coefficients of a reduced set of operators we refer to as a basis. This is
a set of (dimension-six) operators {Oa} (henceforth we drop the superscript
(6)) with the property that any other operator O obeys the relation
O −
∑
a
κaOa =
∑
φ
Uφ
δS0
δφ
, (4)
where the κa are appropriately chosen constants; φ, a generic light field;
δS0/δφ, the classical equations of motion; and Uφ, local operators. Each term
in eq. (4) is gauge- and Lorentz-invariant. We will say that the combination
O −∑κaOa vanishes “on-shell,” and that O is equivalent to ∑κaOa. In
addition, we demand that no linear combination of basis elements vanishes
on shell.
To establish some terminology, note that the HDO form a vector space.
An equivalence relation produces a unique partition of a vector space into
equivalence classes. A basis will have one operator from each equivalence
class. A minimal basis choice for dimension-six operators is presented in [20].
While the preceding is a familiar construction, in [18], we put forward an im-
proved method of choosing basis operators with reference how these operators
4Although Leff must be Hermitian, it is not always most expedient to make each term
in the sum Hermitian; eg., in the SM, the Yukawa couplings are an illustration. In such
cases, each term is implicitly accompanied by its Hermitian conjugate.
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may arise in extensions of the SM. An extension of L0 is any model contain-
ing heavy particles that reduces to L0 for operators of dimension four or less
at scales below some threshold Λ. An extended model may also be referred
to as an embedding of L0.
In general, HDO may be identified as either potentially-tree-generated
(PTG) or loop-generated (LG) [8, 18]. A PTG operator OPTG is one for
which an extension can be found in which it arises from a tree-diagram. An
LG operator OLG is one that (1) cannot emerge from a tree-graph in any
embedding of L0 and (2) can arise from loop-graphs5. This is a useful dis-
tinction because LG operators have coefficients that are typically suppressed
by a factor ∼ 1/(4pi)2n relative to PTG operators, where n is the number
of loops. Having potentially larger coefficients, the PTG operators may be
more sensitive to new physics effects.
It is important to note that whether an operator is LG or PTG is a
property of the heavy physics, while an equivalence relation of the form
eq. (4) is a property of the light theory. An equivalence class of operators
may contain only PTG-operators, only LG-operators, or both kinds. It is
helpful to identify this property of each equivalence class and, in cases when
a class contains both kinds of operators, to choose a basis operator from
among the PTG-operators. This provides the most conservative approach
to interpreting experimental data, whether providing limits on or evidence
for BSM physics effects. The reason is that the parametrization covers the
widest class of heavy physics theories: those that generate the operators in
question at tree-level, as well as those that may generate them only through
loop corrections. In [18], we delineated the equivalence relations for the SM
and analyzed the basis chosen in [20]. We identified those that were LG, those
that were PTG, and in cases where an equivalence class contained both types,
showed that the basis chosen in [20] were in fact PTG operators, as required.
This then is good basis for studying physics BSM. In the remainder of this
paper, we indicate how this may be applied to Higgs production and decay.
5This classification can be made either without restriction on the embeddings of L0
or, if one is interested in a restricted set of embeddings, from extended models respecting
some additional local or global symmetry. For example, the limits on violation of baryon-
or lepton-number suggest that such operators may be ignored for analyzing LHC data,
regardless of whether they are PTG or LG.
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3. New physics contributions to Higgs decay
Limiting our attention to baryon- and lepton-conserving operators involv-
ing only SM fields (e.g. no right-handed neutrinos), and adopting the basis
{Oa} of dimension-six operators given in ref [20], the effective Lagrangian
takes the form6
Leff = LSM +
∑
a
fa
Λ2
Oa + · · · , (5)
where the ellipsis denote operators of dimension > 6. We need only PTG
operators that contribute to the various Higgs decay channels, except for
the γγ, γZ, and GG final states which occur at one-loop in the SM and
in all extensions of the SM. These therefore, invite comparison with one-
LG corrections to new physics. As discussed above, the operators included
describe the leading deviation from the SM, whereas those we neglect will be
too small to be observed, at least in present experiments. In the following
we will assume that the coefficients fa are real
7.
We find that the PTG operators contributing to the Higgs decay chan-
nels measured at the LHC are also involved in other well-measured process,
namely, Z and W lepton decays and custodial symmetry violations asso-
ciated with the oblique T (or ρ) parameter. Current data indicate that
deviation from the SM in these processes lie below the level of 0.1%–1% , so
that the contributions to the corresponding operators to Higgs decays can
be neglected given the current precision in that decay.
The PTG operator basis contributing to the measured Higgs decays can
be separated into 3 classes:
1. Pure Higgs operators8:
O∂φ = 12(∂µ|φ|2)2, Oφ = |φ|6. (6)
Ignoring self-interactions of the scalar field, the effect of O∂φ will be
to change the normalization of the Higgs field after symmetry breaking.
6Although we will use the basis of [20], we prefer to denote the operators as Oa rather
than Qa. For convenience, we reproduce them in Appendix A.
7For those operators Oa that are Hermitian, fa are necessarily real; for others, includ-
ing the ones relevant in Higgs decays, it is equivalent to assuming that CP violation is
unimportant for these applications.
8In [20], O∂φ is replaced by −Oφ2, which is the same after integration by parts.
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Indeed, in unitary gauge,
φ =
1√
2
(
0
v + h
)
, (7)
(with v =
√
2 〈φ〉 ' 246 GeV,) so we get
L = LSM + f∂φ
Λ2
O∂φ + · · · ≈ 1
2
(1 + f∂φ)(∂h)
2 + · · · , (8)
where  ≡ v2/Λ2. Thus, the canonically normalized Higgs field will be
H =
√
1 + f∂φ h ≈
(
1 + 1
2
f∂φ
)
h. (9)
This modifies all processes involving a single Higgs boson in the same
way, replacing the SM Higgs field h by H.
The operator Oϕ also modifies the parameters in the Higgs sec-
tor, such as the vacuum expectation value v, but these effects can
be absorbed in finite renormalizations of L0 with no observable ef-
fects. In that case, Oϕ could only be distinguished through Higgs
self-coupling effects [21, 22] which, at present, are experimentally out
of reach. In contrast the rescaling (9) does have (potential) observable
consequences.
2. Operators modifying Higgs couplings to W and Z:
These include basis operators of the type X2ϕ2, called OϕX , OϕX˜ ,
OϕWB and OϕW˜B (see Appendix). All of these are LG operators and
will be neglected in first approximation. That means that the Higgs
coupling to ZZ andWW may be assumed to be SM to within about 0.1−
1%. This important result is analogous to our earlier result concerning
BSM corrections to triple-gauge-boson couplings [18, 8].
The basis we employ also contains an operator of the type ϕ4D2:
OφD ≡
∣∣φ†Dµφ∣∣2. This operator would generate a mass shift for the
Z and produce a change in the ρ-parameter [26] or, equivalently, the
so-called oblique T parameter [27] from its SM value, specifically
δT = − 1
α
fφD, (10)
8
where, in obtaining this relation, we ignored the effective-operator
contributions to the Fermi constant [28]. Current experimental con-
straints 9 give |δT | . 0.1, implying that, even though OφD may affect
Higgs decays (specifically, the H → ZZ∗ mode10,) these effects will be
too small to be observed, given the experimental precision achievable
at the LHC.
3. Higgs and Gauge Boson Couplings to Fermions:
These include all the operators of the types [20] ψ2ϕ2D, called
(Oϕψ)pr and (Oϕud)pr, and ψ2Xϕ, called (OψX)pr, for any fermion ψ,
where p, r are family indices. The former are all PTG operators, but
the latter are all LG. Therefore, in first approximation, we will neglect
OψX .
Limits on flavor-changing neutral currents11 suggest that the thresh-
olds for generation-changing operators (Oϕψ)pr in the coupling of the
Z are very high, so we may assume that p = r, but this still leaves
the Z couplings to the 3 families, (Oϕψ)pp for each type of fermion
ψ = {`, e, q, u, d}. Many of these are already precisely determined [23],
especially for ψ = leptons for all 3 generations, from LEP measure-
ments. The Z-lepton couplings are measured to at least 1% and agree
with the SM predictions to that precision, so their potential contribu-
tions to Higgs decay widths will lie in this range. These effects are of
order f and correspond to a scale Λ > 2.5 TeV when f ∼ 1. For
quarks, they are similar experimentally constrained for all flavors ex-
cept for the t-quark. Although these operators break custodial symme-
try and therefore would change |δT |, their lowest order contributions
are in one-loop corrections and so are not strongly constrained by the
experimental value of |T |. To improve on existing limits significantly
seems to be beyond the reach of a hadron collider such as LHC.
The operator (Oϕud)pr would modify couplings of the W in ways
that would affect both family-changing couplings as well as Higgs de-
cays. These couplings of the W to the first two generations have been
well-studied, and there are even constraints from t→ bW. Once again,
this would also contribute to |δT |, but only at one loop order, and, given
9See the review by Erler and Langacker in [23].
10See comments on this decay mode in next section.
11See the review by Ceccucci, Ligeti, and Sakai in [23].
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that the top quark only makes a contribution of about 0.2, a bound on
the order of 10% gives no significant constraint on the corresponding
fϕud. The operator O(3)ϕ` potentially modifies the W`ν coupling, but
since measurements agree with the Standard Model to a precision be-
low 1%, the effective operator modifications to these couplings should
lie in this range; as with the Z case their contributions to Higgs decays
can be ignored.
This case also includes corrections to the Yukawa couplings of the
Higgs, which would affect the fermion masses as well as Higgs decays
(Oeϕ)pr= |ϕ|2 ¯`perϕ, (Ouϕ)pr= |ϕ|2q¯purϕ˜, (Odϕ)pr= |ϕ|2q¯pdrϕ, (11)
where the fermions carry generational indices. If one simply replaces
the Higgs field by its vacuum expectation value, the contributions of
these operators cannot be distinguished from the SM contribution.
Therefore, the GIM mechanism will continue to work, as well as tests
of CKM unitarity12. However, they affect the Higgs decays to fermion
pairs differently than SM Yukawa couplings, since these are cubic in the
scalar doublet whereas Yukawa couplings are linear. Thus, comparing
the Higgs decay rates to the fermion masses may provide a good test for
the presence of these operators. At present, it has not yet been deter-
mined whether the SM couplings to the observed Higgs are proportional
to the mass, so there is no constraint on the operator coefficients fψϕ.
Even with much increased precision, the projected limits on the ef-
fective operator coefficients may be harder to interpret (e.g. extracting
limits on the scale of new physics) than one might think, depending
on the nature of the underlying theory. In the SM, the vanishing of a
fermion mass give rise to an enhanced chiral symmetry. If that were a
property of the HDO as well, as is commonly believed to be the case,
then the coefficient of these operators ought to be proportional to at
least the first power of the corresponding Yukawa coupling. Thus, even
fairly inaccurate measurements that limit the size of these kinds of
corrections to Higgs decay would be a good indicator of whether this
hypothesis is correct.
4. Loop-generated operators:
In most applications, operators that are necessarily generated by heavy-
particle loops are disregarded as being subdominant, or because their
12See the review by Blucher and Marciano in [23].
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effects are expected to be difficult to detect experimentally. The rare
decays H → γγ, Zγ, GG (where G represents a gluon) present excep-
tions since the SM contributions are themselves loop-generated [29, 30].
In particular, the experimental precision for H → γγ may eventually
reach the level needed to detect or set limits on deviations generated by
the heavy physics. These deviations are generated by (i) modifications
of the vertices involved in the SM loops (such as the Htt¯ coupling)
and/or (ii) contributions from operators generated by heavy-physics
loops. The former are listed above, the latter are the following:
OφX = 1
2
|φ|2XµνXµν , X = {GA, W I , B}; OWB = (φ†τ Iφ)BµνW Iµν .
(12)
There are also operators involving the dual tensors X˜µν , but these do
not interfere with the SM amplitudes, and so generate contributions
of order Λ−4 or smaller. The coefficients of these operators are sup-
pressed by a loop factor 1/(16pi2); each field X is also accompanied
by the corresponding gauge coupling constant since gauge fields couple
universally.
Summarizing: in the following, given the precision anticipated for LHC
experiments studying Higgs decays, we will ignore potential effects of the
operator OϕD and those of type ψ2ϕ2D, viz., Oϕψ and Oϕud. It is worth
noting that these same operators generate “contact” vertices of the form
HZee and HWeν that could contribute to H → WW ∗, ZZ∗ decays, so
these too can be ignored.
Thus, the only dimension-six operators to be retained for Higgs decays
at LHC are O∂ϕ and Oψϕ. Recall that in the SM, the same transformation
that diagonalizes the fermion masses will diagonalize the Higgs couplings,
so there remain no (quark) flavor-changing couplings. When the operators
(Oψϕ)pr are introduced however, the diagonalization of the fermion mass
matrix will not, in general, remove the flavor-changing Higgs couplings. The
corresponding amplitudes, however, will be suppressed by a factor of , and
therefore, the decay rates by 2. Concerning the flavor-diagonal operators,
we will assume that their coefficients are proportional to the corresponding
fermion masses, so that quantities of the form fψϕ/mψ have a finite limit as
mψ → 0. This naturality assumption also makes these effects much harder
to observe.
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4. Implications for LHC experiments
We now determine the manner in which new heavy, decoupling physics
can affect these decays while taking into consideration the limitations from
existing data, as described above.
The operators (Oψϕ)pp, ψ = ep, up, dp, together with O∂φ, modify the de-
termination of the Yukawa couplings, which are not yet much experimentally
constrained, as well as the Higgs decays into fermions as follows:
Γ(H → ψ¯ψ) = κ2ψΓSM(H → ψ¯ψ) ; κ2ψ =
(
1− f∂φ+
√
2 v
mψ
fψϕ
)
. (13)
Before proceeding further, some comments are in order concerning the
decays referred to by the CMS and ATLAS collaborations as H → ZZ∗ and
H → WW ∗. These are a shorthand for the average of the leptonic final
states in which the virtual Z∗ decays into either e+e− or µ+µ− and in which
the W ∗ decays into either e νe or µ νµ. If we consider the actual S-matrix
elements for these processes, we find, eg., the decay to a Z plus a lepton pair
receives contributions from 3 diagrams:
The vertices here are intended to include the sum of the SM couplings and
the corresponding PTG dimension-six operators. The first has a Z internal
line and, in addition to the SM contributions, is affected by O∂φ. The third
graph involves a contact HZee or HZµµ interaction, which, we have argued
in the previous section, can be neglected.
The second diagram has an e or µ internal line. As emphasized earlier,
the first two diagrams are not gauge invariant in general, not even in the SM.
However, that gauge dependence is associated with the nonzero fermion mass,
and the Yukawa couplings of the e and µ make a tiny contribution to these
decays. We further assumed that the coefficients fψϕ were proportional to the
fermion mass. If we set the mass zero, then the second diagram vanishes, and
12
the first becomes gauge-invariant. Stated otherwise, in the limit of vanishing
fermion mass, both the vector and the axial-vector currents are conserved
(the latter in the Goldstone mode.)
Whether the preceding arguments remain true for the τ -lepton remains
to be seen, but the decay Z → ττ agrees with the SM to the same accuracy
as for decays to ee and µµ.
For whatever reasons, whether because of this approximate chiral sym-
metry or because their threshold Λ is very large, the HDO’s that could give
rise to δT give negligible corrections as well.
As a result, only the effects from O∂φ remain unconstrained, so we obtain
Γ(H → ZZ∗) = κ2ZΓSM(H → ZZ∗) ; κ2Z = (1− f∂φ) . (14)
A similar discussion applies to the H → WW ∗ mode: the effects gener-
ated by possible deviations form the SM in the W`ν couplings are well below
the current experimental precision to which this decay mode is measured. So
we find
Γ(H → WW ∗) = κ2WΓSM(H → WW ∗) ; κ2W = (1− f∂φ) . (15)
The expected modification for both of these decay widths are the same be-
cause the contributions from O∂φ respect custodial symmetry, so the ratio
Γ(H → ZZ∗)/Γ(H → WW ∗) equals their Standard Model value to an ac-
curacy of 1% or less. If, on the contrary, this ratio is observed to differ
markedly from 1, it is likely there will be other particles whose mass scale
are also generated primarily by electroweak symmetry-breaking, as occur in
models with more than one Higgs doublet and in supersymmetric models.
Finally, we consider briefly three rare but important decays13.
1. TheH → γγ mode receives contributions both from tree-level modifica-
tions to the Htt and HWW couplings, as well as from the loop-induced
effective operators OφX for X = W I , B in (12). In order to display ex-
plicitly the loop nature of these operators and including the fact that
gauge bosons couple universally, we will write
fφW =
g2
16pi2
f˜W , fφB =
g′2
16pi2
f˜B, (16)
13 In obtaining the numbers below, we will substitute the following values for the top
and Higgs masses and for the SM vacuum expectation value: mt = 173.5 GeV, mH =
125 GeV, v = 246.22 GeV.
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so that these contributions to the effective Lagrangian become
L(γγ)eff−loop =
1
Λ2
(fφWOφW + fφBOφB) = 
v
α
4pi
f˜γγ
1
2
HFµνF
µν , (17)
where f˜γγ = f˜W + f˜B. Using the standard expressions for the top and
W loop contributions [31], we find
Γ(H → γγ) = κ2γγΓSM(H → γγ) ; κ2γγ = 1− f∂φ+ 0.30f˜γγ+ 0.28ftϕ.
(18)
2. The H → Zγ mode also receives contributions from possible effective
operator modifications of the Htt and HWW vertices, as well as from
OφX X = W I , B and OWB in (12) that generate
L(Zγ)1loop =
eg
16pi2
v
Λ2
f˜ZγFµνZ
µν , (19)
where
f˜Zγ =
16pi2
eg
[
1
2
(fφW − fφB)s2w − fWBc2w
]
, (20)
where s2w (c2w) denotes the sine (cosine) of twice the weak-mixing
angle. Using the known expressions for the loop factors we find
Γ(H → Zγ)=κ2ZγΓSM(H → Zγ) ; κ2Zγ =1−f∂φ+ 1.82f˜Zγ+ 1.46ftϕ.
(21)
3. Finally, the H → GG mode receives contributions from Otϕ as well
as from OφG in (12). Writing the coefficient of the latter as fφG =
g2s f˜GG/(16pi
2), where gs is the SU(3)color gauge coupling constant,
Γ(H → GG) = κ2GGΓSM(H → GG) ; κ2GG = 1−f∂φ+2.91f˜GG+4ftϕ.
(22)
This mode can potentially receive significant radiative corrections, how-
ever, explicit evaluation show that these are large only for mH > 2mt
[34], which is not the case. (Radiative corrections to the lighter quark
modes are large, however, all contributions to the width from light
quarks are suppressed by a factor (mq/v)
2, and can be ignored.)
4.1. Branching ratios and production cross section
For mH ∼ 125 GeV, the main decays of the SM Higgs are into the bb¯
(58%) and WW ∗ (21%) channels, but the GG (9%), ττ (6%), cc (3%) and
ZZ∗ (3%) are also significant
Γ(H) = κ2HΓSM(H) ; κ
2
H = 1− f∂φ+ β, (23)
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where, using the Standard Model values available at [35],
β =
∑
ψ=b,c,τ
fψϕ
√
2 vB(H → ψ¯ψ)
mψ
+ (2.91f˜GG + 4ftϕ)B(H → G¯G)
= 43.115fbϕ + 7.947fcϕ + 12.385fτϕ + 0.343ftϕ + 0.249f˜GG. (24)
Then, for any final state ξ, the branching ratio B is related to the SM ratio
BSM as
B(H → ξ) = κ
2
ξ
κ2H
BSM(H → ξ). (25)
Specifically,
B(H → ψ¯ψ) =
(
1 +
√
2 v
mψ
fψϕ− β
)
BSM(H → ψ¯ψ),
B(H → Z``) = (1− β)BSM(H → Z``),
B(H → W`ν) = (1− β)BSM(H → W`ν),
B(H → γγ) =
(
1 + 0.30f˜γγ+ 0.28ftϕ− β
)
BSM(H → γγ),
B(H → Zγ) =
(
1 + 1.82f˜Zγ+ 1.46ftϕ− β
)
BSM(H → Zγ),
B(H → GG) =
(
1 + 2.91f˜GG+ 4ftϕ− β
)
BSM(H → GG). (26)
Note that the ratio B(H → Z``)/B(H → W`ν) is expected to have devia-
tions below 1% from the SM value. Should this prove not to be the case, it
would provide another strong indication of the presence of other light parti-
cles that affect these decays.
Although the decay mode H → GG has not been measured, the main
contributions to the production cross section is in fact the inverse process of
gluon fusion. Hence, to a good approximation we have
σprod ' κ2GGσprodSM . (27)
That might be probed, although it suffers from the usual difficulties in de-
termining the absolute normalization of a cross section.
The above new physics corrections are of order , which for Λ > 1 TeV
is smaller than 0.1. This provides a measure of the precision that LHC ex-
periments will need to reach in order to probe physics at this scale (though
sometimes a precision of 10% might suffice, depending on how large the co-
efficients fi and the numerical coefficients multiplying them are). None of
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the relevant experiments have (yet) reached this level, in fact, current exper-
imental precision in these decays allows only the exclusion of new physics at
scales that have already been probed directly.
5. Conclusion
The purpose of this paper was to extend the analysis of ref. [8] to include
couplings of the SM Higgs, especially those relevant to LHC measurements,
in a model-independent fashion, taking into account the existing constraints
on breaking of the custodial SU(2) symmetry of the Higgs sector of the SM.
Implications for specific branching ratios were given in terms of the coeffi-
cients of various dimension-six operators. The expressions presented show
that any deviation of the couplings gHWW or gHZZ from the SM, at a level
of accuracy observable by LHC experiments (∼ 10% or higher), can be ex-
plained only by having  ∼ 1, which corresponds to new physics at a scale
below 1 TeV. If the ATLAS enhancement in the γγ mode is verified, then
this is strengthened considerably; it seems as if only new physics around the
electroweak scale could account for this effect. Thus, we have sharpened the
contrast between models that modify the SM by introduction of some higher
mass scale and those, for example, having more than one Higgs doublet con-
tributing to the weak scale vacuum expectation value v; the current anomaly
in the photon mode would then belong to the second possibility. As the data
improve, it will be exciting to observe how BSM physics is first manifested.
We hope this analysis provides another tool by which this conclusion may be
hastened.
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Appendix A. Dimension-Six Basis Operators for the SM14.
X3 (LG) ϕ6 and ϕ4D2 (PTG) ψ2ϕ3 (PTG)
OG fABCGAνµ GBρν GCµρ Oϕ (ϕ†ϕ)3 Oeϕ (ϕ†ϕ)(l¯perϕ)
OG˜ fABCG˜Aνµ GBρν GCµρ Oϕ2 (ϕ†ϕ)2(ϕ†ϕ) Ouϕ (ϕ†ϕ)(q¯purϕ˜)
OW εIJKW Iνµ W Jρν WKµρ OϕD
(
ϕ†Dµϕ
)? (
ϕ†Dµϕ
) Odϕ (ϕ†ϕ)(q¯pdrϕ)
OW˜ εIJKW˜ Iνµ W Jρν WKµρ
X2ϕ2 (LG) ψ2Xϕ (LG) ψ2ϕ2D (PTG)
OϕG ϕ†ϕGAµνGAµν OeW (l¯pσµνer)τ IϕW Iµν O(1)ϕl (ϕ†i
↔
Dµ ϕ)(l¯pγ
µlr)
OϕG˜ ϕ†ϕ G˜AµνGAµν OeB (l¯pσµνer)ϕBµν O(3)ϕl (ϕ†i
↔
D Iµ ϕ)(l¯pτ
Iγµlr)
OϕW ϕ†ϕW IµνW Iµν OuG (q¯pσµνTAur)ϕ˜ GAµν Oϕe (ϕ†i
↔
Dµ ϕ)(e¯pγ
µer)
OϕW˜ ϕ†ϕ W˜ IµνW Iµν OuW (q¯pσµνur)τ Iϕ˜W Iµν O(1)ϕq (ϕ†i
↔
Dµ ϕ)(q¯pγ
µqr)
OϕB ϕ†ϕBµνBµν OuB (q¯pσµνur)ϕ˜ Bµν O(3)ϕq (ϕ†i
↔
D Iµ ϕ)(q¯pτ
Iγµqr)
OϕB˜ ϕ†ϕ B˜µνBµν OdG (q¯pσµνTAdr)ϕGAµν Oϕu (ϕ†i
↔
Dµ ϕ)(u¯pγ
µur)
OϕWB ϕ†τ IϕW IµνBµν OdW (q¯pσµνdr)τ IϕW Iµν Oϕd (ϕ†i
↔
Dµ ϕ)(d¯pγ
µdr)
OϕW˜B ϕ†τ Iϕ W˜ IµνBµν OdB (q¯pσµνdr)ϕBµν Oϕud i(ϕ˜†Dµϕ)(u¯pγµdr)
Table A.1: Dimension-six operators other than the four-fermion ones.
14These tables are taken from [20], by permission of the authors. We changed the
operator names from Q to O to conform to the present conventions.
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All are PTG.
(L¯L)(L¯L) (R¯R)(R¯R) (L¯L)(R¯R)
Oll (l¯pγµlr)(l¯sγµlt) Oee (e¯pγµer)(e¯sγµet) Ole (l¯pγµlr)(e¯sγµet)
O(1)qq (q¯pγµqr)(q¯sγµqt) Ouu (u¯pγµur)(u¯sγµut) Olu (l¯pγµlr)(u¯sγµut)
O(3)qq (q¯pγµτ Iqr)(q¯sγµτ Iqt) Odd (d¯pγµdr)(d¯sγµdt) Old (l¯pγµlr)(d¯sγµdt)
O(1)lq (l¯pγµlr)(q¯sγµqt) Oeu (e¯pγµer)(u¯sγµut) Oqe (q¯pγµqr)(e¯sγµet)
O(3)lq (l¯pγµτ I lr)(q¯sγµτ Iqt) Oed (e¯pγµer)(d¯sγµdt) O(1)qu (q¯pγµqr)(u¯sγµut)
O(1)ud (u¯pγµur)(d¯sγµdt) O(8)qu (q¯pγµTAqr)(u¯sγµTAut)
O(8)ud (u¯pγµTAur)(d¯sγµTAdt) O(1)qd (q¯pγµqr)(d¯sγµdt)
O(8)qd (q¯pγµTAqr)(d¯sγµTAdt)
(L¯R)(R¯L) and (L¯R)(L¯R)
Oledq (l¯jper)(d¯sqjt )
O(1)quqd (q¯jpur)εjk(q¯ksdt)
O(8)quqd (q¯jpTAur)εjk(q¯ksTAdt)
O(1)lequ (l¯jper)εjk(q¯ksut)
O(3)lequ (l¯jpσµνer)εjk(q¯ksσµνut)
Table A.2: Four-fermion operators conserving baryon number.
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